Abstract Sulfatase 2 (Sulf-2) has been previously shown to be upregulated in breast cancer. Sulf-2 removes sulfate moieties on heparan sulfate proteoglycans which in turn modulate heparin binding growth factor signaling. Here we report that matrix detachment resulted in decreased Sulf-2 expression in breast cancer cells and increased cleavage of poly ADP-ribose polymerase. Silencing of Sulf-2 promotes matrix detachment induced cell death in MCF10DCIS cells. In an attempt to identify Sulf-2 specific inhibitor, we found that proteasomal inhibitors such as MG132, Lactacystin and Bortezomib treatment abolished Sulf-2 expression in multiple breast cancer cell lines. Additionally, we show that Bortezomib treatment of MCF10DCIS cell xenografts in mouse mammary fat pads significantly reduced tumor size, caused massive apoptosis and more importantly reduced Sulf-2 levels in vivo. Finally, our immunohistochemistry analysis of Sulf-2 expression in cohort of patient derived breast tumors indicates that Sulf-2 is significantly upregulated in autologous metastatic lesions compared to primary tumors (p \ 0.037, Pearson correlation, Chi-Square analysis). In all, our data suggest that Sulf-2 might play an important role in breast cancer progression from ductal carcinoma in situ into an invasive ductal carcinoma potentially by resisting cell death.
Introduction
Heparan sulfate proteoglycan (HSPGs) are highly sulfated molecules that serve as co-receptors for many heparin binding growth factors (HBGF) [1, 2] . The 6-O sulfate moiety on HSPGs to which several of the HBGFs bind to are desulfated by two HS editing enzymes known as heparan sulfatases -1 and -2 resulting in altered signaling [3] . Sulfatases -1 and -2 remove sulfate moities from HSPGs and this action affects ternary complex formation between heparin binding ligands such as bFGF2, and its cognate receptor, FGFR2 and co-receptor HSPGs [2] . Previous reports indicate both tumor suppressor and tumor promoter roles for Sulf-2 [4, 5] . Sulf-2 was found to be overexpressed in breast cancers [4] whereas Sulf-1 was largely downregulated [6] . However, the role of Sulf-2 in promoting breast tumorigenesis is not completely understood.
Matrix detachment leads to cell death in several cancer cells including premalignant breast cancer cells [7] . Resistance to this form of cell death provides survival advantage to the breast cancer cells to migrate to distant organs [7] . In the present study, we have evaluated the role of Sulf-2 using a cell line which forms ductal carcinoma in situ (DCIS) comedo structures when injected into mammary fat pad [8] . Increased proliferation of epithelial cells, loss of acinar organization and filling of the luminal space has been shown in MCF10DCIS model, a well characterized xenograft progression model of DCIS to invasive ductal carcinoma (IDC) [9] .
Matrix Metallopreotease (MMP) activation is often associated with progression to IDC. These enzymes are involved in the degradation of extracellular matrix, growth factors, and cytokines and cell associated adhesion and signaling receptors [10, 11] . MMPs have been associated with highly invasive cancers and contribute to tumor progression, invasion and metastasis.
In this study, we show that Sulf-2 plays an important role in matrix detachment induced cell death in breast cancer cells. Furthermore, treatment of breast cancer cells with proteasome inhibitor such as bortezomib attenuated Sulf-2 expression. Significant association of Sulf-2 with highly metastatic tumors confirmed our in vitro findings and supports the notion that Sulf-2 is upregulated in breast cancer and can be targeted by proteasomal inhibitors.
Materials and methods

Cell lines and cell culture
Breast cancer cell lines MCF-7, MCF10AT1 and MCF10DCIS were grown as described previously [8, 12, 13] . Primary antibodies used were as follows: anti-Sulf-2 (1:500 dilution), a gift from Dr Lewis Roberts (Mayo Clinic, Rochester, MN). Antibodies used in theses studies are anti-b-actin (1:10,000 dilution, Sigma), anti-MMP9 (1:1,000 dilution, Abcam), anti-cleaved caspase 3 (1:1,000) and anti-cleaved PARP (1:1,000) from cell signaling Tech Inc. MCF10DCIS cells were obtained from Dr Fred Miller (Wayne State University, Detroit, MI) and were tested and authenticated recently by Taconic Inc. Bortezomib was obtained from Mayo Pharmacy and Selleck Chemicals. QVD-OPH was obtained from MP Biomedicals LLC. MG132 and lactacystin were obtained from Sigma.
Western immunoblotting
Cell lysates were prepared as previously described and equal amounts of protein were used in immunoblots [14] . Samples were boiled in Lammeli buffer and were resolved on SDS-PAGE followed by transfer to PVDF membrane and immunoprobed with indicated antibodies.
Mouse mammary fat pad injections MCF10DCIS xenografts were generated by injecting MCF10DCIS cells into mouse mammary fat pads. 1.0 9 10 6 cells in 0.1 ml of matrigel were subcutaneously injected at each nipple of gland #5 of female nude mice. Excised xenografts were either fixed in formalin buffer or frozen immediately in liquid nitrogen or stored at -80°C. For bortezomib treatment, mice received bortezomib (0.150 and 0.300 mg/kg) twice weekly up to 5th week. Each group in bortezomib experiments contained 18 mice (six mice were harvested at each interval). All animal work was conducted under protocols approved by the Mayo Clinic Institutional Animal Care and Use Committee and housed in institutional animal facilities. Primary tumor volumes was calculated with the formula V = 1/2 a 9 b 2 , where ''a'' is the longest tumor axis, and ''b'' is the shortest tumor axis. Each specimen of xenografts obtained from control and bortezomib treated group were stained with hematoxylin-eosin (H&E) for morphological analysis.
Gelatin zymography
MMP-2 and MMP-9 enzymatic activity in mouse derived xenografts was performed by SDS-PAGE gelatin zymography. Gelatinases present in the tissue lysates degrade gelatin in the SDS-PAGE leaving a clear white band after coomassie staining of the gel. Tissue samples were homogenized in the lysis buffer [350 mM NaCl, 0.25 % Nonidet P-40, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM glycerol phosphate, 1 mM sodium orthovanadate, and 30 % glycerol with protease inhibitor mixture (Sigma)]. Equal amounts of protein were denatured in the absence of reducing agent and electrophoresed in 7.5 % SDS-PAGE containing 0.1 % (w/v) gelatin. The gel was incubated in the presence of 2.5 % Triton X-100 at room temperature for 2 h and subsequently at 37°C over might in 10 mM CaCl2, 0.15 M NaCl, and 50 mM Tris (pH 7.5). The gel was stained with 0.25 % Coomassie Blue.
Small interfering RNA transductions and shRNAs Lenitviral supernatants of Short-hairpin RNAs (shRNAs) vectors obtained from Sigma against Sulf-2 were generated as described previously [15] . Target sequence used for Sulf-2 shRNAs (HW13): CCACAACACCTACACCAACAA. Target sequence for Sulf-2 shRNAs (HW11): CAAGGGT TACAAGCAGTGTAA. Lentivirus particles were produced by transient transfection of two different plasmids targeting Sulf-2 (pLKO.1-Sulf-2) and pLKO.1 non-target control (NTC) along with packaging vectors (pVSV-G and pGag/pol) in 293T cells as previously described [16] .
Real time PCR analysis
Total RNA was prepared using TRIZOL reagent, reversetranscribed with SuperScript II reverse transcriptase (Life Technologies, Invitrogen). cDNA was amplified using SYBR-Green PCR Master Mix (Applied Biosystems, Carlsbad, CA) by using specific primers for human Sulf-2 and ribosomal 18S subunit (Applied Biosystems) in a Light Cycler (BioRad Chromo 4, Hercules, CA). All experiments were conducted at least three times.
Immunohistochemistry
Representative sections of each specimen were stained with H&E. For immuno-histochemistry, breast tumor specimens on a tissue microarray embedded in paraffin were cut at 5-7 lm, mounted on glass and dried overnight at 37°C. All sections, then, were deparaffinized in xylene, rehydrated through a graded alcohol series and washed in phosphate-buffered saline (PBS). PBS was used for all subsequent washes and for antiserum dilution. Tissue sections were quenched sequentially in 3 % hydrogen peroxide in aqueous solution and blocked with PBS-6 % non-fat dry milk for 1 h at room temperature. Slides then were incubated at 4°C overnight with a rabbit polyclonal antiserum specific for Sulf-2 [17] at final 1:500 dilution in PBS-3 % non-fat dry milk. After three washes in PBS to remove the excess of antiserum, the slides were incubated with diluted goat anti-rabbit biotinylated antibody (Vector Laboratories, Burlingame, CA, USA) at 1:200 dilution in PBS-3 % non-fat dry milk for 1 h. All the slides then were processed by the ABC method (Vector Laboratories, Burlingame, CA, USA) for 30 min at room temperature. Diamonobenzidine (Vector Laboratories, Burlingame, CA, USA) was used as the final chromogen and hematoxylin was used as the nuclear counterstain. Negative controls for each tissue section were prepared by leaving out the primary antiserum. All samples were processed under the same conditions. The expression levels of Sulf-2 stained cells per field (2509) at light microscopy was calculated and compared in different specimens by two separate observers (A.B. and L.L.) in a double blinded fashion and described as: score 0 (absent); 1 (very low); 2 (moderate); and 3 (high). For statistical analysis we combined scores 0 and 1 as (1) and scores 2 and 3 as (2). An average of 22 fields was observed for each breast specimens. Clinical information was extracted for each specimen, and statistical analyses were performed by L.L and M.V.
Statistical analyses
Pearson's correlation test was used to assess relationship between clinical parameters and immunohistochemical data. p values \0.05 were regarded as statistical significant in Chi-square tests at a = 0.05. JMP software (Version 6.0, SAS Institute, Inc., Cary, NC) were used for statistical analyses. Sulf-2 expression was dichotomized as low (staining score 1) and high (staining score 2) to determine the clinical significance of Sulf-2 expression in Chi-Square analysis.
Results
Matrix detachment or anoikis downregulates Sulf-2 expression in breast cancer cell lines
To determine the effect of matrix detachment on Sulf-2, MCF10AT1 and MCF-7 breast cancer cells were plated in poly-HEMA coated low attachment plates for the indicated time intervals. Western blot analysis with anti-Sulf-2 antibody in MCF10DCIS and in MCF-7 cells indicates that Sulf-2 was downregulated as early as 8 h with complete downregulation at 16 h ( Fig. 1a; Fig. S1a, b) . Two bands of Sulf-2 were detected which have previously shown to be glycosylated form of Sulf-2 [15] . Anoikis induction resulted in apoptosis of these cells as detected by cleaved PARP on immunoblots (Fig. 1a) . To determine whether Sulf-2 downregulation was the cause or consequence of apoptosis, we subjected MCF10DCIS cells to anoikis and co-treated the cells with pan caspase inhibitor QVD-OPH as indicated. Western blot with anti-PARP antibody revealed that cleaved PARP was detected in cells undergoing anoikis but not in cells treated with QVD-OPH (Fig. 1b) . However, Sulf-2 downregulation due to matrix detachment was not reversible even in presence of pan caspase inhibitor QVD-OPH. Treatment of QVD-OPH during matrix detachment significantly rescued cell death as revealed by trypan blue staining (data not shown). These data indicate that Sulf-2 downregulation upon matrix detachment is independent of apoptosis. We further asked whether depletion of Sulf-2 sensitized cells to apoptosis due to matrix detachment. To address this question, we stably downregulated Sulf-2 in MCF10DCIS cells using lentiviral shRNA targeting Sulf-2 as previously described [15, 16] . NTC cells and Sulf-2 depleted clones (HW13 and HW11) were subjected to matrix detachment for 16 h. Western blot analysis indicates
that Sulf-2 depleted cells showed enhanced expression of cleaved PARP compared to NTC clones (Fig. 1c) . To further evaluate the role of Sulf-2 on survival upon matrix detachment, we subjected NTC and Sulf-2 knockdown clones to matrix detachment for 24 h followed by their transfer to adhesive polystyrene plates. Colony forming units were counted for indicated time intervals. Sulf-2 depletion clearly showed decreased survival compared to NTC (Fig. 1d) . In order validate data obtained from silencing of Sulf-2, we tested the effect of Sulf-2 overexpression on anoikis mediated cell death. MCF10DCIS cells were transfected with vector or Sulf-2-myc/his plasmid and subjected to matrix detachment for 16 h. Western blot analysis indicated that over-expression of Sulf-2 leads to reduced PARP cleavage. Similarly, trypan blue analysis also suggests that Sulf-2 over-expression resulted in decreased cell death (Fig. 1f) . Collectively, these data indicate that Sulf-2 downregulation might promote cell death during matrix detachment. c NTC clones and Sulf-2 depleted MCF10DCIS clone was suspended in poly-HEMA coated plates for indicated intervals and cell lysates were subjected to western blot analysis using anti-Sulf-2, anti-cleaved PARP and anti-b-actin antibodies. d NTC clones and Sulf-2 depleted MCF10DCIS clone was suspended in poly-HEMA coated plates for 16 h and followed by plating on regular culture dishes for indicated days and colony forming units were counted. e MCF10DCIS cells were transfected with vector (pcDNA 3.1 myc/his) or Sulf-2-myc/his plasmid and subjected to matrix detachment for 16 h followed by Western blot analysis with anti-His, anti-cleaved PARP and anti-bactin antibodies. Western blot analysis indicated that over-expression of Sulf-2 leads to reduced PARP cleavage. f Trypan blue analysis of samples described in (e) was performed to detect the extent of cell death. Data suggests that Sulf-2 over-expression resulted in decreased cell death. Sus Suspended cells, Att Attached cells, h hour, HW11 and HW13 (clones with stable depletion of inhibitors, MG132, Lactacystin and Bortezomib at indicated concentrations. Immunoblot analysis revealed that proteasomal inhibitors treatment results in downregulation of Sulf-2 expression (Fig. 2a) . Bortezomib treatment also diminished Sulf-2 expression in MCF10AT1 and MCF-7 cells (Fig. S1b, c) . Of note, bortezomib and MG132 treatment in MCF10DCIS cells exhibited upregulation of apoptotic marker protein such as cleaved PARP (Fig. 2a, middle panel) . We next tested whether bortezomib treatment altered mRNA levels of Sulf-2. Real time analysis showed that bortezomib treatment effectively downregulated Sulf-2 mRNA expression in MCF10DCIS cells (Fig. 2b) . To rule out the possibility that bortezomib treatment might result in apoptosis and hence Sulf-2 is downregulated as a consequence of apoptosis, MCF10DCIS cells were treated with bortezomib and pan caspase inhibitor QVD-OPH. Despite treatment with QVD-OPH, Sulf-2 levels could not be restored (Fig. 2c) . QVD-OPH treatment effectively blocked bortezomib mediated cell death (Fig. S1d) . These data suggests that downregulation of Sulf-2 either through ShRNA facilitates anoikis mediated cell death that is independent of caspase mediated cell death. In addition, we also determined whether reactive oxygen species (ROS) induction because of bortezomib treatment resulted in altered Sulf-2 expression by treating MCF10AT1 cells with and N-acetyl cystine (NAC), a ROS scavenger (Fig. S1d) . NAC co-treatment does not rescue bortezomib mediated Sulf-2 downregulation and also does not alter cleaved PARP as well. These data suggest that bortezomib treatment downregulates Sulf-2 and is not dependent upon caspases-mediated apoptosis.
Bortezomib treatment attenuated tumor growth and caused massive apoptotic lesions
To further evaluate the effects of bortezomib on tumor growth, we treated two groups of mice (n = 18 or 9 mice/ group) (with palpable tumors after 1 week of initial tumor cell implantation) with 0.150 and 0.300 mg/kg body weight twice weekly and one group of mice were treated with PBS. Bortezomib treatment drastically reduces tumor growth as monitored by caliper measurements at weeks 3, 4 and 5 ( Fig. 2a) at doses of 0.300 mg/kg body. However, 0.150 mg/ kg dose had marked effect till week 3, thereafter it was ineffective in restraining the tumor growth. As shown in Fig. 3a , tumor growth was attenuated compared to NTC cells (*p value \0.05, **p value \0.05). These data suggest that bortezomib treatment results in decreased tumor growth. Western blot analysis of lysates derived from xenografts indicate enhanced level of cleaved PARP and diminished level of Sulf-2 in bortezomib treated xenografts (5 mice/ group as shown in western blot) (Fig. 3b) . In addition, we also monitored effects of bortezomib on matrix metalloproteases as MMPs provide necessary trigger for progression to invasive carcinoma [18] . Zymography of bortezomib treated and untreated xenografts revealed that bortezomib treatment decreased MMP9 activities while little or no effect was observed on MMP2 (Fig. 3c) . Similarly, western blot analysis show no significant change in total MMP9 levels ( Fig. 3c, lower panel) . Further, H&E staining reveals that bortezomib treatment completely disrupted the organized comedo structures and exhibited widespread massive apoptosis (Fig. 4a) . These findings support our notion that bortezomib effectively restricts tumor growth by causing excessive cell death and by reducing MMP9 expression.
Sulf-2 is highly expressed in human breast cancer metastasis samples
To further evaluate the role of Sulf-2 in breast cancer we performed Sulf-2 expression in patient's derived tumors (80 primary breast ductal carcinomas) and their matched nodal metastatic lesions from the same patients by immunohistochemistry as described in supplementary materials. Patient characteristics are described in Table 1 and representative Sulf-2 IHC in primary and matched metastatic patients is provided in Fig. 5a , b. Only ten of 80 patients (8 %) had high Sulf-2 expression in the primary tumors compared to 54 % of patients with high Sulf-2 in their autologous metastatic sites. The difference in the expression pattern of Sulf-2 between the primary versus metastatic sites was highly significant (p = 0.037, Pearson correlation) (Fig. 5c ). There was positive correlation between Sulf-2 expression and metastatic phenotype (p = 0.037). These results indicate that elevated Sulf-2 is associated with breast cancer progression and metastasis.
Discussion
We have previously evaluated the role of Sulf-2 in progression from DCIS to IDC using MCF10DCIS cell line. This is the only cell line which mimics the human pathological progression of DCIS to IDC breast cancer and more importantly expresses high levels of Sulf-2. The progression to invasive ductal carcinoma is associated with disruption of basement membrane and invasion into surrounding tissues. Therefore this cell line offers unique system to evaluate changes as a result of Sulf-2 depletion. The present study establishes the link between anoikis (matrix detachment induced cell death) and Sulf-2 and highlights putative pro-survival role of Sulf-2. Sulf-2 expression was diminished upon matrix detachment in two breast cancer cell lines MCF10DCIS and MCF-7 cells (Fig. S1a) . Further, matrix detachment induced Sulf-2 downregulation was independent of caspase mediated cell death. ShRNA mediated Sulf-2 knockdown in MCF10DCIS cells resulted in increased matrix detachment induced cell death as revealed by increased PARP cleavage and decreased survival. These data suggest that Sulf-2 depletion promotes cell death in response to matrix detachment. This is in accordance with our previous report that Sulf-2 depletion results in apoptotic comedo lesions that might pave way for lumen formation in vivo [16] . In the present study we have provided evidence that downregulation of Sulf-2 upon matrix detachment promotes matrix detachment mediated cell death. The precedent for anoikis in lumen formation has been shown in 3D cell culture models [19] . Several oncogenes have been identified which promotes luminal filling by enhanced proliferation and by inhibiting detachment mediated-apoptosis (anoikis) [20, 21] . Consistent with these reports, our study supports the notion that Sulf-2 overexpression in breast cancer might promote tumorigensis during matrix detachment leading to survival. Previous reports including the present study suggest that Sulf-2 is upregulated in breast cancer tissues and might promote tumorigenesis [4] . Therefore, therapeutically targeting this enzyme either by shRNA or by small molecule inhibitor may serve to improve our chances of inhibiting the progression of DCIS to IDC. We identified that proteasomal inhibitors such as MG132, Lactacystine and bortezomib attenuated Sulf-2 expression in several breast cancer cell lines. Further, bortezomib treated xenografts showed marked apoptosis and completely abolished comedo structures. Although it is likely that the effects elicited by bortezomib are predominantly due to its impact on proteasomal inhibition, bortezomib might affect several key signaling pathways thereby leading to decreased tumor growth apart from its effect on Sulf-2. Various target proteins have been identified that are downregulated by bortezomib treatment such as ERa, Erb2, desmoglein 2 [22] [23] [24] [25] . Effectiveness of bortezomib treatment of breast cancer has been investigated before [26, 27] , however information about stages of breast cancer where bortezomib will be more effective still needs to be addressed. A recent study highlighted the tumor suppressor role of Sulf-2 in MDA-MB-231 cell line [5] . This study relied on forced expression of Sulf-2 and use of purified form of Sulf-2 protein. However no noticeable effect of purified Sulf-2 was observed in tumor growth in contrast to the tumor suppressive effects observed upon overexpressed Sulf-2. Since our data indicate that Sulf-2 could potentially be an oncogene in breast cancer and not a tumor suppressor, we opted to determine Sulf-2 expression in patient derived tissues and mouse xenografts to validate our in vitro based findings. Using these resources we believe that our data support the tumor promoting role of Sulf-2. Our data clearly indicate that elevated Sulf-2 expression in metastatic lesions compared to autologous primary tumors (p B 0.037) although there was no correlation to grade of the tumor either in the primary tumors or in the metastatic lesions. The present study establishes the link between anoikis (matrix detachment induced cell death) and Sulf-2 and highlights putative pro-survival role of Sulf-2. In all, this is first report which highlights the role of Sulf-2 in matrix detachment mediated cell death that can be therapeutically targeted by proteasomal inhibitors.
